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Force: a new structural control parameter?
David Bensimon
Recent technical developments that allow precise force
measurements on single molecules, together with
numerical simulations of biomolecules under stress,
offer new insight into how stress affects molecular
interactions, and how large the force developed by a
travelling enzyme such as RNA polymerase can be.
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Some recent experiments [1,2] and some old ones [3,4]
suggest that the force applied on a molecule (in vivo or in
vitro) might be a relevant parameter or a probe [5–8] of its
structure. A DNA molecule when stretched was recently
observed [1,2] to exhibit a transition from the classical B
form to a new stretched (S) form also observed in numeri-
cal simulations of DNA under tension [1,9]. Thus, a mol-
ecule under stress might undergo a structural transition
just like a piece of iron might undergo a magnetic transi-
tion when submitted to a magnetic field. In this sense,
force, like the magnetic field, is a structural control para-
meter. The force binding a ligand (biotin) to its receptor
(avidin or streptavidin) was also measured [5,6,8]. Numeri-
cal simulations of the unbinding of biotin from strepta-
vidin (for which the crystallographic structure is known)
were able to explore the rupture pathway and obtain the
rupture force [7]. This combination of precise, single mol-
ecule, experiments with detailed theoretical and numeri-
cal work could represent the initial step of a new approach
in biophysics merging the structural and dynamical studies
of biomolecules.
These recent experiments were made possible by the
development in the past decade of various techniques to
apply and measure forces at the level of the single mol-
ecule, using mechanical springs (fibers [1,10], atomic
force microscopy (AFM) cantilevers [5]), hydrodynamic
drag [11], optical [2,12–16] or magnetic [17] tweezers
(Fig. 1). These new techniques, allowing force measure-
ments from a few femtonewtons (10–15 N) to many
nanonewtons (10–9 N), cover the realm of biologically rel-
evant forces, which are basically of two kinds: entropic or
elastic (bonding).
The entropic forces, associated with an entropy reduction
upon stretching, result from a reduction in the number of
possible configurations of the system consisting of the
molecule (protein, DNA) and its solvent (water, ions). As
an example, a free DNA molecule in solution adopts a
random-coil configuration, which maximizes its confor-
mational entropy [18]. Upon stretching, the molecular
entropy is reduced so that at full extension there is just
one configuration left: a straight polymer linking both
ends. To reach that conformation, work against entropy
has to be done, a force has to be applied. The entropic
forces are rather weak. As the typical energies involved 
are of order kBT, where kB is Boltzmann’s constant
(kBT≈4 ×10–21 J or 0.6 kcalmol–1 at room temperature) and
the typical lengths (L) are of the order of a nanometer,
entropic forces are of order kBT/L=4pN. These are typi-
cally the forces exerted by molecular motors, such as
myosin on actin [15] and the force necessary to stretch a
DNA molecule to its contour length [11].
Elastic, or bonding, forces are much stronger. They
usually involve profound modifications of the molecular
structure including breaking and rearrangement of many
van der Waals, hydrogen or ionic bonds and stretching 
of covalent bonds. The energies involved are typical 
bond energies, of the order of an electron volt 
(1eV=1.6 ×10–19 J=24kcalmol–1). The elastic forces are
thus of the order of 1eV/1nm=160pN. These are typically
the forces necessary to break receptor/ligand bonds
[5,6,8,19,20], to deform the internal structure of a mol-
ecule [1,2,9] or even to break it [21–23].
Force as a probe of receptor–ligand interactions
In their experiment Florin, Moy and Gaub [5] used an
AFM cantilever as a force transducer (Fig. 1a). The tip of
the cantilever was coated with biotin by adsorption of
biotinylated bovine serum albumin (BSA). Adsorption
involving weak interactions at many sites can be as strong
as a single covalent bond. Avidin was then bound to these
biotinylated tips and brought into contact with biotiny-
lated agarose beads that had most binding sites blocked
with avidin to prevent multiple bindings with the tip.
Avidin therefore had two pairs of biotin-binding sites, on
opposite sides of the molecule, one pair in contact with
the tip and the other with the bead. Upon retraction, the
cantilever bent (due to the adhesion of avidin on its tip
with biotin on the bead) and was observed to yield in
small jumps. A statistical analysis of these jumps revealed
that they were integer multiples of an elementary force
quantum of 160 ±20 pN, which was attributed to the
binding of a single avidin/biotin pair. Then, by measuring
the similar adhesive force between biotin analogs and
avidin (or streptavidin), the authors were able to show that
ligand/receptor binding strength is proportional to the
enthalpy change upon separation [6].
This experiment was then simulated by molecular dynam-
ics (MD) methods by Grubmüller, Heymann and Tavan [7]
using the known crystallographic structures of streptavidin
and biotin as inputs. The major difference between the
experiment and the MD simulation concerns the different
timescales involved. Whereas the experiment was done on
a timescale of milliseconds (and can hardly be done much
faster because of hydrodynamic drag), the simulation,
because of limited computer power, studies a very fast
unbinding (occurring in nanoseconds). The experiment
thus corresponds to a system much closer to thermody-
namic equilibrium than the simulation. At equilibrium one
expects the force to reduce the barrier to dissociation and
thus decrease the bond’s half-life. In such cases, unbinding
is thermally driven. If the force is applied rapidly (as in the
simulations), unbinding will occur when the force is
stronger than the weakest bond, namely at a larger force
than at thermal equilibrium [24]. Nevertheless, a good
agreement was obtained between the numerically derived
binding forces and the experimentally measured ones. This
good agreement suggests that most of the ligand/receptor-
binding force result from local (fast) rearrangement of
bonds, which are amenable to current MD simulations, and
not from more distant or global out of equilibrium structural
modifications of the receptor (e.g. movement of secondary
structure elements), which are beyond today’s computer
capabilities.
This very encouraging prospect implies that MD simula-
tions might be usefully applied to many biologically rele-
vant local interactions, for example between an antigen and
its antibody, between DNA and a regulating protein or
between the complementary strands of DNA [25]. One
might thus gain insight into the interaction pathways, while
still being able to check the simulation against precise force
measurements on the relevant systems.
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Figure 1
Examples of forces transducers used in
various experiments. (a) In the experiment of
Florin et al. [5], the force transducer is an
AFM cantilever, whose deflection upon pulling
is detected by the displacement of a laser
beam reflected from the cantilever. (b) In the
experiment of Cluzel et al. [1], the force
transducer is an optical fiber, for which
deflection is detected by observing the
displacement of the light emitted from its
pulled end. (c) In the experiment of Smith et
al. [2], the force transducer is an optical trap
consisting of two co-axial counter propagating
and focused laser beams. The displacement
of the bead in the trap is observed with a
microscope and together with the trap
stiffness is used to assess the trapping force.
(d) In the experiment of Yin et al. [16], the
force transducer is an optical trap consisting
of a single strongly focused laser beam (an
optical tweezer). Force measurement is
carried out as in [2].
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Because DNA is a structurally simpler molecule than a
protein such as streptavidin, it is a better system for study-
ing stress-induced structural transitions and for confronting
experimental results with simulation and theory. Two
groups have recently achieved this.
S-DNA: a stable structural form of highly stretched DNA
Cluzel et al. [1] and Smith et al. [2] have studied DNA in its
elastic regime, that is, with applied forces greater than
10 pN. Both groups used a similar technique to anchor
DNA: the molecule was functionalized at its extremities
with biotin or digoxigenin and was anchored to surfaces
coated with streptavidin or an antibody to digoxigenin. But
the force transducers used were different. In the experi-
ment of Cluzel et al. the stretching force exerted on the
molecule at one extremity (bound to a small bead held in a
movable micropipette) was measured by a mechanical
spring (an optical fiber bound to the other end of the mol-
ecule; Fig. 1b). In Smith et al. the fiber was replaced with a
small bead held in an optical trap (Fig. 1c). At a force of ~70
pN, both groups observed a highly cooperative (first-order-
like) transition to a new structure 70% longer than B-DNA.
Cluzel et al. used a molecular modeling program to study
this new DNA structure, which they call the S-form. The
result of that numerical minimization revealed the exis-
tence of a cooperative transition to a new form indeed 70%
longer than B-DNA (Fig. 2a), whose structure depends on
which extremities of the DNA are being pulled (3´–3´ or
5´–5´). If both 3´ extremities are being pulled the double
helix unwinds upon stretching. The bases remain perpen-
dicular to the molecular axis and the distance between
neighbouring base pairs increases. The final structure
resembles a ladder (Fig. 2b). If both 5´ ends are pulled a
helical structure is preserved. It is characterized by a
strong base pair inclination, a narrow minor groove and a
diameter roughly 30% less than that of B-DNA (Fig. 2c).
Moreover, in both cases the rupture of the molecule occurs
as in other experiments [3,22,23] when its extension is
more than twice that of B-DNA.
The existence of a new stable form of DNA at high exten-
sion might be of considerable interest in the study of
DNA–protein interactions. RecA is known to induce a 60%
extension of B-DNA and to facilitate the formation of a
triple helix, a putative intermediate during recombination.
Smith et al. calculated that the existence of an extended S-
form DNA reduced the energetics of RecA binding to
DNA by as much as 15 kBT (9 kcalmol–1) per complex [2].
Structural transitions in stretched supercoiled DNA
In the previous paragraphs we have seen how experimen-
tal observations spurred further numerical work. A less
common situation will now be described in which detailed
theoretical analysis preceded the observation. As shown
by Marko and Siggia [26,27], when stretched below its
crystallographic length, that is, when in its entropic form,
DNA behaves as an ideal flexible polymer chain. In fact it
appeared that the agreement between the theoretical pre-
dictions and a previous experiment by Smith et al. [11] was
so good that it could serve as the most accurate way of
measuring the bending rigidity of DNA. Encouraged by
this success, Marko and Siggia proceeded to study the
much harder problem of the elastic behaviour of an ideal
twisted and stretched polymer chain. They were able to
predict the elastic behaviour (force versus extension
curves) of supercoiled DNA. In particular, they predicted
the existence at a rather low force (about 1 pN) of a coop-
erative transition associated with a local disruption of the
double-strand structure [28,29]. These precise theoretical
predictions were confirmed by Strick et al. [30] using a
linear DNA construct that could be torsionally constrained
in an experimental set up similar to the one used by Smith
et al. [11]: the molecule was bound at one end to a surface
and at the other to a magnetic microbead that could be
pulled and rotated by small magnets. The behaviour of
underwound DNA was significantly different from that of
overwound DNA. In particular, the predicted cooperative
transition was observed in the overwound molecule at 
a force 10 times larger (about 6pN in physiological salt 
conditions) than for the underwound one.
DNA supercoiling plays a major role in many cellular
processes, such as replication and transcription. Thus,
during transcription the molecule is overwound down-
stream and underwound upstream of the transcription
complex and special enzymes (topoisomerases) are
needed to relax the torsion. The existence of a sound the-
oretical description of supercoiled DNA and an assay
where supercoiling and stretching of a single molecule can
be precisely controlled and measured opens new avenues
in the study of these processes.
Controlling the movement of RNA polymerase by
stretching DNA
Such a study has already begun. Yin et al. [16] investigated
the motion under stress of RNA polymerase (R-pol) on
DNA (or more correctly DNA through the protein)
[31,32]. As is usual in the study of molecular motors
[13,33], their experimental set up employed optical tweez-
ers as the force transducer (Fig. 1d). A DNA construct was
engineered with a strong promoter for R-pol at one
extremity. The inactive transcription complex (DNA–R-
pol) was then bound to a surface and the other end of the
molecule to a small bead. This bead was captured in an
optical trap which was used to pull on the DNA and to
measure the stretching force. Transcription was initiated
by supplying the required nucleotides. Its progress could
be monitored by looking at the displacement of the bead.
By displacing the trap (pulling more strongly on the mol-
ecule) the transcription could be slowed and finally halted
at a stretching force of about 14 pN.
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In the realm of molecular motors this is a very large force
(the stall force for myosin is about 5 pN [15]). It is surpris-
ing that R-pol, whose biological role is not to perform
mechanical work, should have such a high stall force.
Maybe such a force is required for the polymerase to over-
come the effective friction due to the DNA topoiso-
merases (J-L Sikorav, personal communication) or to the
downstream positive supercoiling. As we have seen previ-
ously, a 14 pN force can induce a structural transition in
the overwound molecule which might ease the progres-
sion of R-pol. As the construct used by Yin et al. was not
torsionally constrained, this issue cannot be addressed at
the moment. Nevertheless, all of the tools exist to study
the effect of supercoiling (and stress) on transcription at
the single molecule level.
Zipper-sequencing of DNA
The techniques for the manipulation of single molecules,
sketched above, are exciting the imagination of many
people. For example it has been suggested [34,35] that one
could sequence a DNA molecule by pulling apart the two
strands (as in a zipper) and monitoring the force required
for breaking each base pair as one progresses along the
molecule. Similarly, one could imagine following the 3D
folding of an RNA molecule (or a protein) stretched
between a surface and the tip of an AFM cantilever [35].
But the theoretical analysis [9,34,35] of these fascinating
prospects reveals a number of conceptual difficulties. In
particular, the thermal fluctuations of the unpaired bases
linking the double-stranded DNA (or partially folded RNA
or protein) to the manipulated macroscopic surfaces
severely impair the spatial resolution of the technique,
which for practical purposes has to be about 1 Å. Further-
more, even in the absence of any fluctuations, zero temper-
ature molecular modeling of DNA zippering ( A Lebrun, R
lavery, personal communication) reveals variations in the
energy of the system that are not simply related to the
sequence of the molecule. However sobering, it is encour-
aging to see these fundamental issues addressed theoreti-
cally, as their results might guide future experiments.
The work described above is very recent, but what of the
old experiments mentioned at the beginning of the review?
Long before it was possible to measure the force applied to
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Figure 2
The various structures of stretched DNA
obtained in simulations of Lebrun and Lavery
[9]. (a) The classical B form observed at low
stretching forces (F < 70 pN). (b) The
stretched ladder obtained when pulling on
both 3′ ends with high forces. (c) The helical
form with inclined bases, obtained when
pulling on both 5′ ends with high forces. (The
figure was reproduced from [36], with
permission.)
a molecule directly, studies of DNA fibers by Wilkins et al.
[3,4] indicated the existence of a stretched form of DNA
with strong base pair inclinations, at a time before B-DNA
began to be viewed as the main, if not the only, biological
relevant structure. In the future, following the long-ago
lead of Wilkins et al, we will need to reconsider the effect
of stress on the structure and function of biologically
important molecules.
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